Sex differences, laterality, and hormonal regulation of androgen receptor (AR) immunoreactivity in rat hippocampal CA1 pyramidal cells were examined using the PG21 antibody. Adult male rats were either castrated or sham-operated at least 2 weeks prior to sacrifice. Gonadally intact females were sacrificed on the day of proestrus. Animals received an injection of either testosterone propionate (TP) or vehicle 2 h prior to sacrifice. Within CA1, both the intensity of staining and the number of AR؉ cells were assessed. AR immunostaining was detected in all the groups with marked variation among them. The overall ranking of staining intensity was: gonadally intact males > females given TP > castrated males given TP > females > castrated males given vehicle. The number of AR؉cells within subregions of CA1 showed the same basic pattern: among control-treated animals, gonadally intact males have more than females, but castrated males have the least, and acute TP treatment increases the number in both sexes. The increased level of AR immunoreactivity in CA1 of castrated males following acute TP treatment suggests that testicular androgens in adulthood normally increase AR immunoreactivity there, producing a sex difference favoring males in gonadally intact animals. We also found a higher number of AR؉ CA1 cells on the left than on the right, but only in gonadally intact males and in females given TP. These results suggest that a laterality of AR distribution in the rat hippocampus may lead to lateralities in hippocampal structure and function. © 2002 Elsevier Science (USA)
Androgens play a fundamental role in sexual differentiation of the brain, expression of adult reproductive behaviors, and neuroendocrine responses. Androgens exert many of these effects by binding to and activating an androgen-specific receptor (AR) in target cells. These ARs act as transcriptional factors by binding to hormone regulatory elements of specific genes to trigger a cascade of transcriptional events leading to behavioral and neuroendocrine regulation.
In the adult brain, ARs are highly concentrated in neural structures known to be involved in sexual behaviors and neuroendocrine secretions, such as the hypothalamus and limbic areas of the forebrain (Kashon, Arbogast, and Sisk, 1996; Clancy, Bonsall, and Michael, 1992; Sar, Lubahn, French, and Wilson, 1990) . In the rat hippocampus, AR immunoreactivity and AR binding are very similar to that found in the hypothalamus (Kerr, Allore, Beck, and Handa, 1995; Burgess and Handa, 1993) , and are particularly concentrated in CA1 pyramidal cells (McAbee and DonCarlos, 1998; Clancy et al., 1992; Simerly, Chang, Muramatsu, and Swanson, 1990; Sar et al., 1990) . Since these neurons have widespread projections to various cortical and limbic regions (Van Groen and Wyss, 1990) , activation of CA1 by androgens may be relevant to neural functions mediated by these structures.
Androgens have been shown to modulate some behaviors thought to be mediated by the hippocampus. For example, testosterone given postnatally improved spatial performance in the Morris water maze in male and female rats (Roof and Havens, 1992) . Testosterone administration also enhanced memory in mice (Flood, Morley, and Roberts, 1992) and improved spatial cognition in older men (Janowsky, Oviatt, and Orwoll, 1994) . Moreover, such sex differences in cognitive and spatial ability are paralleled by sex differences in hippocampal morphology, including an overall differ-ence in volume (Diamond, Johnson, Young, and Singh, 1983) , size of the dentate gyrus (Roof and Havens, 1992) , and extent of laterality (Diamond et al., 1983; Roof and Havens, 1992; Tabibnia, Cooke, and Breedlove, 1999) .
Since males have higher levels of circulating androgens than females, and androgens often regulate the expression of their own receptors (Lu, McKenna, Cologer-Clifford, Nau, and Simon, 1998; Kashon, Hayes, Shek, and Sisk, 1995; Menard and Harlan, 1993) , sex differences in AR immunoreactivity within the hippocampus may be expected. In fact, Roselli and colleagues (Roselli, Handa, and Resko, 1989) have reported a higher nuclear concentration of AR in male than in female rats in microdissected CA1 tissue using biochemical binding methods. In addition, because androgens may determine some of the morphological lateral asymmetries in the hippocampus (Roof and Havens, 1992; Tabibnia et al., 1999) , lateralization of AR immunoreactivity may also be expected. The present experiment employed an immunocytochemical method to assess whether CA1 pyramidal cells of the hippocampus show sex and/or laterality differences, and examined the hormonal modulation of such differences.
MATERIALS AND METHODS

Animals
Adult male and female Blue-Spruce Long Evans rats weighing 180 -200 g upon arrival were obtained from Harlan Co. (Indianapolis, IN). They were housed in standard cages in same-sex groups of two to three, and maintained in a partially reversed 12:12 light:dark cycle (lights off at 10:00 AM). Food and water were provided ad libitum. All experimental procedures were carried out in accordance with the regulations of the Institutional Animal Care and Use Committee at the University of California, Berkeley.
Castration and Steroid Treatment
At least 2 weeks prior to perfusion, males were either castrated or sham-operated under methoxyflurane inhalant anesthesia. Female rats underwent vaginal smearing daily to determine the stage of the estrous cycle, and perfusion was carried out on the day of proestrus, 2-3 h after dark onset. Two hours prior to perfusion, half of the castrated males and half of the females were injected with testosterone propionate (TP; 2.0 mg, sc), and the remaining animals were given an equivalent amount of vehicle (0.1 ml sesame oil, sc). The 2-h delay was chosen to optimize nuclear translocation and thus detection of existing ARs while minimizing the production of new ARs (Simenthal, Sar, Lane, French, and Wilson, 1991; Jenster, Trapman, et al., 1993) . This protocol yielded five treatment groups: gonadally intact males given oil, castrated males given TP, castrated males given oil, females given TP, and females given oil. There were five animals in each group.
Perfusion and Immunocytochemistry
To control for staining variation, one animal from each treatment group was processed together for AR immunocytochemistry in each of five experimental runs. Animals were overdosed with pentobarbital and perfused transcardially with 200 ml 0.9% saline followed by 200 ml 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4). Brains were removed and postfixed for 4 h in 4% paraformaldehyde at room temperature, then cryoprotected with 20% sucrose solution overnight at 4°C. A 22-gauge needle was used to make a hole (anterior to posterior) in the left cortex of the blocked brain to distinguish left from right sides.
ARs were visualized using the polyclonal antibody PG21 (kindly provided by Dr. Gail Prins) raised in a rabbit against a synthetic peptide containing the first 21 amino acids of rat and human AR (Prins, Birch, and Greene, 1991) . This antibody has been shown to bind specifically to ARs in brains of rats (Menard and Harlan, 1993) , hamsters Clancy, Whitman, Michael, and Albers, 1994) , and ferrets (Kashon et al., 1996) .
Forty-micrometer coronal brain sections through the hippocampus were cut on a freezing microtome and collected in six series for each animal. Sections from one of the six series were Nissl stained with neutral red to aid in localizing the hippocampus. Sections from the adjacent series were processed for immunocytochemistry. Free-floating sections were rinsed with a phosphate-buffered saline (PBS) solution containing 0.1% gelatin and 0.3% Triton-X 100 (PBS-GT; pH 7.4), and then pretreated with blocking solution containing 10% normal goat serum (Vector Laboratories) in PBS-GT for 60 min. Sections were incubated with the primary antiserum (PG21: 0.488 g/ml in PBS-GT with 4% normal goat serum) at 4°C. A few sections from each animal were simultaneously processed following the same protocol but without exposure to the primary antiserum. All subsequent steps were carried out at room temperature. Seventytwo hours later, sections were rinsed, exposed to a biotinylated secondary antibody (goat anti-rabbit, ABC Elite kit, Vector Laboratories), rinsed again, and treated with avidin-biotin horseradish peroxidase (HRP) complex (ABC Elite kit, Vector Laboratories). HRP was visualized using nickel chloride-enhanced diaminobenzidine (DAB) as the chromogen in Tris buffer (pH 7.2) with hydrogen peroxide. Extended DAB incubation was necessary for visualization of AR staining in castrated males, as others have reported (Wood and Newman, 1993) . In gonadally intact males, exposure to DAB for 8 min was sufficient to identify ARϩ neurons, but no apparent AR staining was visible in castrated males. We therefore extended DAB reaction time to 30 min for all tissues, which was long enough to reliably visualize ARϩ cells in castrates, but kept background staining relatively low. Sections were mounted onto gelatin-subbed slides, dehydrated in alcohol, cleared in Hemo-De, and coverslipped with Permount.
Data Analysis
A section containing the anterior CA1 region within Ammon's horn (Bregma, Ϫ4.16 mm; Fig. 1A ) was selected from each animal for analysis. This region was chosen because previous studies indicated that ARs are highly concentrated in CA1 pyramidal cells and medium to low in CA2 and CA3, whereas neurons in the dentate gyrus are not labeled (McAbee and DonCarlos, 1998; Kerr et al., 1995; Clancy et al., 1992) . Overall AR staining intensity in CA1 was rank ordered within runs under low magnification by two independent readers who were blind to the treatment condition. A 5-point scale was used, with the most intense staining being 1 and the least being 5. The average ranking orders by the two readers was adapted as the measure of staining intensity. Pearson's correlation and Friedman's ranking tests were used to determine the reliability and the significance of the results, respectively.
For each section, two comparable areas on each side within CA1 were chosen (shown in Fig. 1 ), and the number of AR immunopositive cells that fell within an eyepiece grid (45 ϫ 45 m) positioned over the region was counted at 630ϫ. Bilateral cell counts were made for each section, and the number of ARϩ cells per unit area was averaged across the four areas sampled within each section, as well as across the two areas sampled on each side. Two independent counts were performed to assess reliability of our results. Pearson's correlation tests were run and the number of ARϩ CA1 neurons in each sample region was highly correlated across the two counts (r ϭ 0.96 and 0.95 for the laterally and medially positioned sample regions, respectively). Presented group means are the average of these two sets of counts, with N being the number of animals.
Laterality differences in the number of ARϩ CA1 neurons were detected in sham control-treated males and TP-treated females. This observation raised two questions: (1) whether laterality of AR immunoreactivity involves differences in the overall number of CA1 neurons and (2) whether such AR laterality occurs in other brain areas that express AR. To address the first question, we counted in a 133 ϫ 133 m square area the number of CA1 neurons in Nisslstained adjacent sections, targeting the same two inflection regions of CA1 as used for the AR counts. Counts were carried out in one section per animal. To address the second question, we counted the number of ARϩ cells in a 139 ϫ 139 m square area centered over the arcuate nucleus in one section (approximately Bregma Ϫ4.30 mm; Paxinos and Watson, 1997) per animal from tissue in which AR counts were performed for CA1.
A two-way ANOVA was used to detect differences resulting from treatment (including sex), the side of the hippocampus (as a repeated measure), and the interaction of the two. Post hoc comparisons (Fisher's PLSD) and matched-pair t tests were performed to determine significant differences between specific treatment groups and effects of laterality, respectively, when main effects were significant (P Ͻ 0.05). All statistical analyses were performed on a Macintosh computer using StatView 4.5. Photomicrographs were produced using NIH Image (for image capture) and Canvas (Version 5.0) on Macintosh computers.
RESULTS
While AR immunoreactive labeling in CA1 hippocampus was detected in virtually all subjects, it varied markedly, in both the intensity and the number of ARϩ cells, with hormonal status and/or sex. Immunostaining was weak to medium in the CA2 and CA3 as compared to that in CA1 for all the groups, although this regional difference is most conspicuous in intact males, largely because they have the most prominent AR staining in CA1 (Fig. 1A) . No staining was recognizable in dentate gyrus. Omitting the pri-mary antibody prevented staining in all animals (Fig.  1B) . Additionally, there was an androgen-dependent lateral asymmetry in the number of ARϩ neurons in CA1 subregions of hippocampus.
Effects of Sex and Androgen Status on the Intensity and Subcellular Localization of AR Immunoreactivity
The intensity of AR immunoreactive staining was significantly influenced by both sex and androgen status (Fig. 2) . Rank orders given by the two independent readers were highly correlated (r ϭ 0.98, P Ͻ 0.001; Table 1 ), and the average intensity varied significantly as follows: intact male Ͼ female ϩ TP Ͼ male castrate ϩ TP Ͼ female Ͼ male castrate (P ϭ 0.0261). Thus, gonadally intact males showed the most intense AR staining, whereas castration for 2 weeks reduced it to the least. Moreover, staining was markedly lighter in control-treated, gonadally intact females than in control-treated, gonadally intact males. Thus, there was a marked sex difference in the intensity of AR staining between gonadally intact, control-treated adult males and females. Two hours of TP treatment largely reversed the effect of castration in males (Fig. 2C vs Fig.  2E ) and enhanced staining intensity in females (Fig. 2G vs Figs. 2J and 2I) .
In gonadally intact males, AR staining in CA1 neurons was not only the most intense but was also confined to the nucleus (Fig. 2B) . Although castration did not abolish nuclear staining in males (Figs. 2C and 2D) , the quality of immunostaining in castrates was notably different from that in intact males, being more diffuse and evident in the cytoplasm and proximal dendrites, a response to castration commonly seen by others (e.g., Freeman et al., 1995; . Some cytoplasmic AR staining was also evident in TP-treated castrates although nuclear AR staining predominated. Both nuclear and cytoplasmic staining was visible in females regardless of treatment condition (Figs. 2G-2J ).
Effects of Sex, Laterality, and Androgen Status on the Number of AR؉ Neurons
The average number of ARϩ CA1 pyramidal neurons (based on four sample regions, two per side) varied significantly across groups (P Ͻ 0.002). Among gonadally intact, control-treated rats, there was an overall sex difference in the number of ARϩ cells (P ϭ 0.003). However, a more pronounced sex difference in AR staining was revealed when the two sides of the hippocampus was taken into account (Fig.  3) . Two weeks after castration, the density of ARϩ cells in CA1 was dramatically reduced in males (P Ͻ 0.001). Androgen treatment of castrated males 2 h prior to sacrifice restored the overall number of ARcontaining cells in CA1 subregions to that seen in intact males (P Ͼ 0.1) but failed to restore the asymmetry of AR staining evident in gonadally intact males (Fig. 3) . Comparisons made within each side also indicated that TP treatment restored AR staining to normal in male castrates. However, the increased variance in androgen-treated castrates makes it difficult to interpret the effects of TP on the number of ARϩ CA1 cells in castrated males. Androgen treatment of females significantly increased the overall number of AR-containing neurons in CA1 subregions (Fig. 3 , P Ͻ .001). Interestingly, androgen treatment in females was sufficient to fully convert the pattern of AR im- munoreactivity to match that in gonadally intact males, with respect to both overall number and laterality differences (Fig. 3) . Both female groups, receiving androgen or not, showed significantly higher densities of ARϩ cells than did male castrates (P Ͻ 0.001 and P Ͻ 0.006, respectively). Our two-way ANOVA also revealed that the number of AR-containing neurons in CA1 subregions varied significantly across the two sides of the hippocampus (P Ͻ 0.01, Fig. 3) , with the left having more ARϩ CA1 neurons than the right. Laterality differences were also evident within each of the two sample regions within CA1 (P Ͻ 0.05). This left-side bias in AR immunoreactivity was observed only in gonadally intact males and TP-treated females (P Ͻ 0.008 and P Ͻ 0.005, respectively). Thus, although males have a greater overall number of ARϩ neurons in CA1 subregions than females, when side of the brain is taken into account, the sex difference is evident only on the left side (P Ͻ 0.02) and not the right (P Ͼ 0.1). Castration of males eliminated this asymmetry of AR immunoreactivity, but androgen treatment for only 2 h fell short of reinstating this feature (Fig. 3) .
We counted the number of CA1 neurons in Nisslstained material from sham males, sampling from the same two inflection points in the CA1 layer. We found no difference in the number of CA1 neurons between the two sides [means Ϯ SEM based on N ϭ 5 animals: 66 Ϯ 2.48 (left) versus 70 Ϯ 9.95 (right)], even though this group shows an asymmetry in AR immunoreactivity.
We also counted the number of ARϩ cells in the arcuate nucleus of sham males in the same set of tissue used for the AR counts in the hippocampus. 
DISCUSSION
The present study demonstrates a sex difference in the pattern of AR immunoreactivity in subregions of a Ranking was made on a 5-point scale, with the most intense staining scored as 1 and the least intense staining scored as 5, with N ϭ 5 animals per group.
FIG. 2.
Photomicrographs of AR immunoreactivity in pyramidal neurons in male and female CA1 at low (A, C, E, G, I) and high (B, D, F, H, J) magnification. Gonadally intact males (A, B) showed the highest staining intensity and number of ARϩ cells. Two weeks of castration reduced both of these parameters (C, D). Two hours after testosterone propionate injection of castrates (E, F), AR immunoreactivity was similar to that found in the gonadally intact males. Androgen treatment also enhanced AR staining in females (G, H vs I, J). While nuclear AR staining predominated in both groups of females, AR immunoreactivity was also seen in the cytoplasm of some CA1 pyramidal neurons (arrow in J), regardless of treatment. the CA1 that involves differences in both the overall number of AR immunopositive pyramidal neurons and laterality. The overall number of AR immunopositive CA1 neurons is higher in gonadally intact (control-treated) males than in gonadally intact (control-treated) females, and is laterally asymmetric, such that the sex difference in number of ARϩ CA1 neurons is evident only in the left hippocampus. Acute androgen treatment of females converted the pattern of AR staining to the same as that in gonadally intact males, increasing the number of ARϩ CA1 neurons overall and causing the lateral asymmetry of AR staining to emerge. These results suggest that the sex difference in AR immunoreactivity in CA1 subregions of the hippocampus is caused by sex differences in adult androgen levels.
The influence of androgen on the pattern of AR staining in the hippocampus of males is similar to that reported for other neural structures such as the preoptic area, hypothalamus, and amygdala (Lu et al., 1998; Kashon et al., 1996; Mennard and Harlan, 1993; Sar et al., 1990) . AR immunostaining is attenuated but not abolished following androgen depletion and is enhanced after acute (2 h) androgen treatment, increasing the staining intensity and number of ARϩ cells. One explanation for these observed changes in AR immunoreactivity is a change in the intracellular location of extant ARs. The PG21 antiserum has been shown in other tissues to recognize both bound and unbound AR (Lu et al., 1998; Wood and Newman, 1993; Prins and Birch, 1993) . In addition, in vitro evidence indicates that 2 h of acute androgen exposure favors nuclear translocation over changes in AR gene expression (Jenster et al., 1993; Simenthal et al., 1991) . These data together suggest that the change we observed in the pattern of AR staining in CA1 neurons after androgen manipulations in males reflects a change in the distribution of extant ARs. Thus, ARs may be present in CA1 neurons of vehicle-treated castrates, but simply less detectable because of a change in their distribution from nuclear in gonadally intact males to populating both cytosolic and nuclear compartments. Our observations of increased cytoplasmic staining in vehicle-treated castrated males is also consistent with this interpretation. In turn, with acute androgen treatment, extant ARs reconcentrate in the nucleus, although it is clear that 2 h of androgen treatment is not sufficient to fully restore the normal pattern of AR immunoreactivity in males. Alternatively, changes in the stability of AR transcript and/or protein, expression of the AR gene, and affinity of the unliganded receptor for PG21 may also underlie the androgenic modulation of AR immunoreactivity in CA1 neurons.
Females and males exhibited relatively comparable responses to androgen manipulation, with an increase in staining intensity and number of AR-stained cells.
FIG. 3. Mean number of ARϩ cells per unit area (ϮSEM based on
N ϭ 5 rats per group) in the left and right regions of CA1 hippocampus. Overall, vehicle-treated, gonadally intact males have more ARϩ CA1 neurons than vehicle-treated, gonadally intact females. Furthermore, gonadally intact males display a laterality in AR immunoreactivity that control-treated females do not, leading to a sex difference in the number of ARϩ CA1 neurons only on the left. Androgen treatment increased the overall number of ARϩ CA1 neurons in females and induced a laterality in AR staining like that normally present in gonadally intact males. Castration of adult males significantly reduced overall number of ARϩ CA1 neurons and eliminated AR laterality and androgen treatment partially reversed these effects. *Significant difference in left vs right.
This result suggests that there are common regulatory mechanisms for AR by androgens in both male and female rats. Similar observations were reported in male and female mice in brain regions linked to mediation of male-typical behaviors (Lu et al., 1998) .
Although the functional consequence of androgenic regulation on AR immunoreactivity in the hippocampus remains to be elucidated, several factors important for understanding the cellular mechanisms of androgen action have been proposed. For example, androgen was found to modulate NMDA receptormediated depolarization (Pouliot, Handa, and Beck, 1996) and MK801 binding to the NMDA receptor (Kus, Handa, Hautman, and Beitz, 1995) in CA1 pyramidal cells. Androgens have also been shown to selectively modulate expression of c-fos messenger RNA induced by behavioral stimulation in CA1 but not CA3 or dentate gyrus regions, where androgen receptor levels are low (Kerr, Beck, and Handa, 1996) . As both NMDA receptors and c-fos gene activation are neuronal mechanisms that underlie behavioral events mediated by the hippocampus, androgen modulation of such mechanisms in CA1 may represent a significant element in the neuroendocrine regulation of nonreproductive behaviors such as learning and memory.
Studies concerning sex differences in AR immunoreactivity in the brain have focused mostly on specific hypothalamic and limbic areas that are implicated in the control of neuroendocrine feedback and reproductive behaviors. In general, AR immunoreactivity in these structures has been found to be higher in males than in females (Lu et al., 1998; Herbison, 1995; Roselli et al., 1989) , suggesting that a sex difference in the prevalence of ARs may contribute to sex differences in the functions of these neural structures. Similarly, the sexually dimorphic distribution of AR in CA1 has clear implications for sex differences in behaviors associated with the hippocampus. In mice and rats, because males generally outperform females in tasks that require spatial processing (Becker, 1992) , and androgen manipulations lead to changes in spatial performance (Dawson, Cheung, and Lau, 1975; Dawson, 1972) , it is possible that androgen affects spatial learning through AR-related neuronal processes in the hippocampus.
A unique finding is the lateral asymmetry of ARlabeled cells in CA1 subregions, which is normally present only in males. Females displayed the lateral asymmetry in number of AR-containing cells only following androgen exposure. Conversely, depletion of androgens by castration abolished the asymmetric distribution of AR immunoreactivity in males. A similar androgen-related lateral asymmetry has been found in the size of the granule cell layer of rat and mice hippocampi (Roof and Havens, 1992; . However, such reported asymmetries involve the right being larger than the left, whereas we found that AR immunoreactivity in the hippocampus is greater on the left than the right. This could mean that ARs in the CA1 neurons could indirectly induce a morphological laterality in the dentate gyrus by inducing granule cells to shrink or die on one side rather than exerting the more common growth effects seen in other neural systems (e.g., Cooke, Tabibnia, and Breedlove, 1999) . Whether a lateralization in AR expression in CA1 neurons of mice brains also exists remains an open question.
The observed laterality of AR immunoreactivity in the hippocampus raises the question of whether it reflects a left-right bias in neuronal cell number in CA1 or whether it is selective to AR immunoreactivity. There are three reasons to favor the latter possibility. First, the left-right difference in ARϩ CA1 pyramidal cells in gonadally intact males can be induced in females by 2 h of testosterone treatment. Such a rapid effect of testosterone cannot easily be accounted for by changes in neuronal number. Second, while neurogenesis is known to occur in the adult hippocampus and can result in fluctuations in cell number, such events have only been reported to occur in the granule cell layer and not in the pyramidal cell layer (Gould, Tanapat, Rydel, and Hastings, 2000) . Finally, we have counted the number of CA1 cells in the same subregions in adjacent sections stained for Nissl from gonadally intact males and find no evidence for leftright differences in cell number. Thus, the observed laterality in the number of ARϩ CA1 neurons in gonadally intact males and TP-treated females probably reflects an asymmetry in AR expression.
However, this conclusion raises the additional question of whether asymmetries in AR expression exist in other brain regions. To address this question, we carried out a separate analysis on the same set of brain sections used for the hippocampal AR analysis. We counted the number of AR-stained cells in the arcuate nucleus of gonadally intact males and found that while neurons in the arcuate nucleus also show robust nuclear staining, AR immunoreactivity in this brain region is not lateralized. This observation leads us to conclude that AR immunoreactivity is not lateralized throughout the brain but is characteristic of only some brain regions.
In tissue subjected to 30 min of DAB reaction, AR staining in CA1 neurons of gonadally intact males was generally very intense and restricted to cell nuclei, whereas in control-treated castrates, the intensity of nuclear staining was significantly diminished and cytoplasmic staining was evident. Both nuclear and cytoplasmic staining were eliminated by omitting the primary antiserum. Previous studies of AR immunocytochemistry have offered mixed results about immunostaining in the cytoplasm. Some report no evidence of cytoplasmic immunostaining for AR (Lu et al., 1998; Sar et al., 1990; Tan, Joseph, Quarmby, Lubahn, Sar, French, and Wilson, 1988) ; others claim very limited cytoplasmic staining (Balthazart, Foidart, Wilson, and Ball, 1992; Clancy et al., 1992) . Clear cytoplasmic staining, using the PG21 antibody, was demonstrated by Wood and Newman (1993) , who found a gradual increase of cytoplasmic staining in AR-containing neurons of male hamsters within 2 weeks following castration, accompanied by a reduction in nuclear labeling. Androgen replacement restored nuclear staining and eliminated most cytoplasmic staining. In the hippocampus, evidence of cytoplasmic labeling has been scanty. Clancy et al. (1992) described cytoplasmic staining in several brain areas including CA1 hippocampus, but the hormonal status of these animals was not specified, and therefore it is not clear whether the presence of cytoplasmic staining is related to androgen depletion. In the current results, cytoplasmic labeling was evident in castrated male rats, similar to that reported in castrated hamsters (Wood and Newman, 1993) . This observation is consistent with the view that ARs, like other steroid receptors, are primarily localized in the cell nucleus, but are also present in the cell cytoplasm in the absence of ligand (Wood and Newman, 1993; Blaustein, 1992; Blaustein and Turcotte, 1989) . However, presence of the ligand per se is clearly not sufficient to ensure exclusively nuclear AR, since TPtreated females also exhibited some cytoplasmic staining. This result suggests that additional factors also influence where ARs reside within CA1 pyramidal neurons.
It is somewhat surprising that the AR immunoreactivity was strong in females not treated with TP. The number of AR immunolabeled cells in these animals was significantly higher than that in vehicle-treated castrated males. An explanation for this phenomenon is not immediately apparent, since serum androgen levels are normally much higher in males than in females (Roselli et al., 1989) . Because tissues were gathered from females on the day of proestrus, when circulating estrogens were high, it is possible that the relatively high levels of AR immunoreactivity result from an estrogenic regulation of AR. Estrogen modulation of AR is not a new topic. In AR-containing neural structures including CA1 of the hippocampus, estrogen treatment increased the number of available receptors that bind androgen (Handa, Roselli, Horton, and Resko, 1987) . In the medial preoptic area in particular, estrogen prolonged the duration of nuclear AR occupation in dihydrotestosterone-treated, castrated males (Roselli and Fasasi, 1992) . Perhaps more convincing evidence is that ovariectomy of female mice results in a significant reduction in the intensity of nuclear AR immunostaining in brain regions that have been associated with the regulation of male typical behaviors (Lu et al., 1998) . In addition, estrogen and androgen act synergistically in the brain, primarily in the medial preoptic area, to maintain male reproductive behaviors (Wood and Williams, 2001; Clancy, Zumpe, and Michael, 2000; Nyby, Matochik, and Barfield, 1992; Morali, Hernandez, and Beyer, 1986; Davis and Barfield, 1979; Baum, 1979; Baum and Vreeburg, 1973; Larsson, Sodersten, and Beyer, 1973) . Recent evidence also indicates that estrogens and not androgens are responsible for maintaining male-typical levels of AR mRNA in developing regions of the rat forebrain (McAbee and DonCarlos, 1999) and that estrogen receptors and ARs are colocalized in at least some neurons . Jaussi and colleagues (Jaussi, Watson, and Paigen, 1992 ) also found that estrogen modulates the transcriptional activity of genes known to be androgen-responsive in the kidneys of mice. Among them is likely the AR gene. However, ovarian androgens, which also show a small but significant increase on the day of proestrous (Brandt, Puett, and Zimniski, 1990) may account for the level of AR staining seen in female CA1 neurons. Whether androgens and/or estrogens are involved, if a proestrous surge of ovarian hormones accounts for the relatively high level of AR staining in female hippocampi, one would expect to see marked fluctuations in the level of AR staining during the estrous cycle. However, such fluctuations in AR staining in CA1 pyramidal neurons have not been found (Xiao, personal observation). Future studies examining AR immunoreactivity in females ovariectomized as adults will help to elucidate a possible role for adult ovarian hormones in hippocampal AR.
